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Abstract

Todays high altitude endurate HAE) reconraissance unanned aerialvehicles
(UAVs) are exremely complexand capableystems. They are only asgood as the aality
of their implementation, howexke Mission plannings rapidly increasirg in complexty to
accommodate theequitements of inceasirg aircraft and information comol capabilities.
Effective mission plannmis the kg to efective ug of ourairborre reconnaissareassets.
Global Hawk, the current state-othe-at in HAE unmannedreconnaissare aircraft
systems,demands exemel intensive and detailed mission planninghe mission plan
must accommodate range & possible emgenciesand other unplanred in-fli ght events,
like pop-up threats oa criticalaircraft systemfailure. Currentin-flight mission replanning
systans do not hae suficient cgability for operaors to effetively handlethefull range of
surprisescommony encounteed in flight opegtions. Automation is commorl employed
to reduce this lgh workload on human @pators. This resarch poposes that aarety of
commonoperationakituationsin HAE UAV reconraissance &cessitate more dact human
involvement in the aircrafcontrol praess than is ctently acknavledged or allowed. A
state of he artmisson plannng sdtware package, OPUS, is usedto denonstate the curent
capability of conventional mission plannirgystems. This auent capabily is extrapolated
to depict the neduture @pability of highly automatedHAE reconnaissareUAV in-flig ht
mission r@lanning Scenarios ae presented in whidh current capabilities of in-flight
replannirg fall short. An improved notional PC-bad missionplanning gstem,the In-
Flight Replannig System (FRS), is then dvelopedand presnted. The same problenatic

scenarios i@ revisited with thelFRS, demonstrating improvedplannirg results.
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DYNAMI C ROUTE REPLANNING AND RETASKI NG OF
UNMANNE D AERIAL RECONN Al SSANCE VEHICLES

1 Intr oduction

“The Right Image, to the Right User, at the Right Time, at the Right Rate”

- Global Hawk ACTD Vision

High-Altitude Reconnaissandeasbeenthe ace in the holr US foreign policy
makers since the afthe U-2 to dispelthe Russiarvs. US ‘bombergap’ fear during the
1950sandto uncoverthe presere of Soviet missiles in Cuba in 196®@/e have come to
depend on monnaissace information heavy. In this ar@, unmannedaeial vehicles
(UAVSs) offer many advanéges ove image collection via manned asraft. High altitude
reconnaissate is apt suited to a UA’s long enduance and theabsene of risk of
human life. In addition to stratgc plannirg, todays airborre reconnaissace platforms
are cgpable of providing vast land are coverage in nea real-time; these image resouces
have thus becone a necessay tool to tacical units as wel. They are capabé of
providing so mu real-time image data tha they may actudly overload human cepecity
to digest it. This informaion owerload' is oneexample of how avast cgability may be

limited by the qudity of its implementation.

Theimplementaion qudity of an HAE reconraissance asse is daermined by the
mission plan. The mission planis the methodolog for executing all aspects ofan
aircraft mission from egine start to shut down. oF our purposs, an HAE

reconnaissase UAV mission plan will refer tdhe completesetof instructionsgoverning
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the in-flight opeation of a sigle sortie & a sirgle aircraft. It is usualy developed
(sometimes das/or weeks) prior to &ginning the mission, and may or may not be
charged during the mission. Mission planningis rapidly becoming more complexto
accommodatéhe need%f increasing aircraft andinformation control @pabilities. An
actve curentreseach aea,effecive msson planningis the key to effecive ue of our

airborne econraissance ssets.

Globd Hawk is the current stde-of-the-at in high-dtitude, unmanned
reconnaissace aircraft systems. Complexty in mission plannings the rule ér complex
UAV systems like Global Hawk.Missions must be meticuloysplanred in exquisite
detal. The misson plan nust acconmodak arange & possble energences and oher
unplanned in-fight events, like pop-up thats or acritical aircraft system failure.
Current in-flight mission replanning systens do not hee suficient capability for
operators to féectively handle the full enge of suprises commom ercountered irflig ht
operations. Automation is commoml emplo/ed to educe thishigh workloadon human
operators. For example, route planngsoftware employing a heuristic sarchalgorithm
Is commony used to solve complesouting problems. But why not automatehumansout
of the controlloop entirely? Victor Riley puts it candid}, “... as lorg as we feel a ned
to be able to blame someone wherhings ¢go wrong, we will always want a human
operator in chrge’ [ 15]. Generaly speakimg, an appropriate lgel of autom#on is good
and can efecively deal with many of the conplex tasks of msson plnnng and

executon.

1-2



1.1 Purposeof Thesis

This researh dfort propo®s that a vaety of common opeaational situations
necessitatenore direct human suwgavision and involvement in the anaft control pracess
than is currenyl available. No capabiliy is curently employedin HAE reconnaissase
UAVs to replan sgments of a mission in progress quigkdnd effectively when new
mission objecivesareidentfied [20]. The probémis exacerbagd in siuaions requiing
immediateaction. One such situation is the incoration into the mission plan offeop-
up priority target: anewly identified taget of utmost urgecy for image collection [16].
Scenaros are consdered herein where rew requirements for target imaging or threat

avoidance randate aevised mission plan within minutes of the cutngasition [3].

These scearios exeed tle curent capabilities of 'on-the-fly' route replanning.
For exanple, if a rew collection tasking comes down (ypically from high level, eg.
CINC USACOM) with hgh priority during a missionthe opestors will be required to
accommodate this nevaskingin a revised plan.Vastly different requirements will eist
for the tool used for this mission replanginlependig on how closethe targetis to the
UAV, how far the taget is off the planed flight path, whetheslack time is availakl in

the exsting mission plan, what imaguality is requied, etc.

The primary enphass here s in the denanding casewhere the nev image
collection requirenent is of very high importane, of veriable equired imae quality,
within 5 minutes flight time or so, ad little slack time is available in the mission for
slippingthe restof theroute. A bast, demonstration-ley route eplanner is dveloped

that lets the operatormantally recorfigure asegment of theoute, to be uploaad back
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into the master mission plan aftewvision. The opeator dravs on his or heexpertise
and weaghs pected image quality versus survivaility and thetime required for the
route. Many data items like tget location, priorityand ima@e qualiy requirenents can
be automdically fed into thetool's daabase simply addingtargets or threts to amap is
easly acconplished today The conenion here is that subpcive judgments like
weighing the relative importance of other mission rguirements orchanging survivability
acepince levels are handéd much nore effecively by situatonaly aware hunan
operators. The challege is to find a man-nzhine inteface that is simpleyet conveys
the information neassaryto make aninformed fctical deision. Chapter 2 deslops a
synopsis of carent mission planningractices and padigms. Chapter 3 preentsthe In-
Flight Replannig System (FRS). An aaonym list is provided irthe prefatoy material
for the conweniene of thereacer, and Metlab codefor the IFRS is detailed in Appendix

A: IFRS Matlab Code.



2 Curr ent Practicesin Mission Planning

HAE UAV reconmaissance is ary much still an infant technoljy. An
operationalplatform does not cumntly exist. The Global Hawk Advared Conept
Technolgy DemonstrationACTD) is the state of thart in the field. The purpose ban
ACTD is to do eactly tha: demonstrée and prove the viability of a superior new
concept. The pomise of on demnd, near real time, multispectral higesolution surface
imagng is alluring. Unfortunately, the proess of degloping suwch an adenced
capability is daunting and fraught with difficult technica challenges. Director of
Architectue andintegration, Defense Airborre Reconnaissare Office (DARO) Colonel

Michael S. Fancis stated in 1998,

Despte sone isolated sucesses, a ghly pubicized recod of failure, replete
with recentspectacubr crashes, &s led to the generd peception that these
systems, as aroup, ae rektively unreliable and technolgically immature.
While thee are reasons to beoptimistic today (the newest UAVs represent
significant departues from earliegenestions in bothcapabiliy andtechnolay),
thecritics’ skepticism will be muted oylafter UAVs have prowed themselvesyb
establishinga sucessful test and @mtional track ecad. [7]

Today’s tight budyets require tight acquisitions schedules and a low t@ecefor failure,
which furthe complicates the process. Many organizations hold hostile the
encroghmentof UAVs into the manned airaft communiy. UAVs opeating and
sharingairspae with mannedaircraft is a hot button issueThough infrequent, mishaps
do occur. It cannotbe exyectedotherwise if tke state of technoty is to advance Still,
onemidar collision or othe significant acident resultingin theloss of huma life would

be a severe sd back. It is for this re@son thd solution of may of the complex issue
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surroundingHAE UAV control ae madesven moe crucial; the requiement fo absolute
rigor in establishing someimes ridiculously wide magins of sfety frequently hampeas

the technolgy development preess.

2.1 TheGlobal Hawk HA E Remnnaissance System

Figure 1 Global Hawk Air Vehicle

Global Hawk Figure J) is the air ehicle componentf the HAE UAV ACTD.
The prgramis execued by the DefenseAdvanced Reseach Projects Agency (DARPA)
for the Defense AirborneReconnaissare Office (DARO). The Global Hwk System
Progam Office (SPO) is locatecdt Wright Patterson AB, and is the sponsaf this

reseach. The ACTD is curently in Phag Il development and fght/payload testirg [10].

The HAE UAV ACTD is “amed a developing and demonstraing long dwell,
high altitude reconnaissan, sureillance, and taget acquisition” [L0]. The Global
Hawk air \ehicle’s projected mission endance is 48 hourswhile achievingaltitudesin
excess of 65,000 ft and nominalbperatirg at about 350 knots true airspd Global

Hawk is equipped with Et#ro-Optical (EO),Infrared(IR), andSyntheticApertureRadar



(SAR) sasors. The remakable cgpability of these sensorsto capture detail at extreme

flight dtitudes is denonstraed in FHgure 2.

Figure 2 Global Hawk IR Image Sanple: China Lake, CA from 51,000 f. [2]

Control of the air vehicle is maintaindcbm Mission Control Element(MCE) ground
stations, where a&en comprised fomission planningcommand andontrol (C2), image
quality control, communiaions mangement, and mission commande positions
operates theystem. There is no conentional'stick and rudder pilot stationfor the
vehicle; flight paths are déned by a series bwaypoints deginated ly the missionplan.
Sensordatatransmissiorand C2 with the air vehtle ae maintained viavideband UHF

line of sidht (LOS) o SATCOM begond line of sight (BLOS). Additional system



specificationsand geneal information about the pgyam mg befound in the HAE WAV

Joint Employment Conept of Opeations [LO].

Global Hawk missionsare planred with four majorsub plans: the route plan, the
collection plan, the communications plan, and the digsination plan. The route plan
containsall navigational information about the particulaute the air ehicle will be
flying. The collectionplanis used to spegifall imagng requirenents and instructions
for opeating the sensors. Communi@tions frequendes, saellite availability, and line of
sight link locations, and plans for switclgirbetweenall of them ae containedin the
communicationplan. Thedisseminatiorplan dictates to whom thequired imaes will
be sentto andby whatmeans. The fou mission sub plans are fdeed and in plae prior
to mission start; tisiis the mission llganningprocess. Onceairborre, modification ofthe
missionplan constitutes in-flight replanning, or dynamic replanning. In-flight replanning

capabilities areurrently quite limited andare still under destopment [LO].

To raterate, the naure of the ACTD is to acomplish speific goals in the
demonstratiorof enabling technolgiesfor HAE reconnaissare. It is not meant to be an
opeaationd production system, but to faditate risk redudion and lessonthe acquisition

costs associated with such ajon leap in LAV reconnaissace technology [10].

2.2 HAE Mission Planning: The Current Paradigm

UAVs like Global Havk face less dect control issues on thearp of their
operatorsthan do maned aicraft. Pilots of conventional aireft are continuoust

answerilg questions suchs, “Should turn left now,at what bankangle, andhow do |
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need to move the stick to aeke that flght condition? GlobalHawk is of theemeging
new generation of UAVs which fly using only supervisoy control ty its operators.On-
board flight control softwae handes the details of maintairgnbank angle, headiqg,
airspeedetc. Since he deéils of flying the arcraft areleft to theflight contol software,
the human operate may conern themseles with broadequestions.The MCE crew is
concerred with the bg picture: “Where ae we now, where do ve needto be,whendowe
need 06 be her, and wiat do we red b do abng the way?” When they becone
available, mature in-fli ght missionreplanning systems will better help opeators fadlitate

answersda these gestons.

Long mission durations coupled wittymlamicintelligence environmentsesultin
adynamic image collecion requrement. It can ke expeced hatover the couse ofa 40-
hour UAV mission imag collection equirements will frequenty charge after the
missionplan has been uploaded to thecaift. Much wak is curently being dore to
develop automated mission control softevdor UAVS that educes opegtor workload

and allows usuaflone person t@ontrol the route taskgof the airaatft.

Many aspectsof the Global Hawk s/stem ae still underging significant
development. Currently, dewdopment of the mission planningsoftware is in this
category. Plannirg a Glokal Hawk mission from thground up #kes seeral weeks as b
this writing Much of this timeis te&ken up doingtasks not rpresentaive of an
operatonal envionment howeve. For exanmple, a sgnificant headacle is curenty
making contingency plans to divert to the pcious fev alterrate landing sitesspecialy

equippedo landa Global Hwk. This is neessary should an in §iht equipmentdilure
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or other emmgency dictate the pgmatue termination of amission,but this extra mission
planning tedium will be reduced when the systenm bemmes opeationd and many more

landingsites ae awailable RO].

Keepirng human opeators out of the darct flight controlloop andinsteadplaying
only a supervisory role offloads the bulk oftomplexty to automation. This is hirdy
effective for many, and pehaps most, in-fligt tasks. Tk Global Hawk ACTD has
adopted thisupervisory control apprach. Human opestors supervise #hautonomous

execution of the mission plan rather than dikg manipulatingcontrol surfaes.

2.2.1 TheHuman Interface

In gened, it is common practice to implement automation to countereth
increasiyg complexty of toda/’s g/stems; be it UAVS, computaaided mantacturing
processes, roDenwer Intemational Airports multimillion-dolar luggage ground routing
system R2]. However, humans are ultimayetesponsible fo the safe andeffective
operation of theseystems egardless of the lesl of automation. The humaninterfaceis
our 'window to the activities of automatedrqeessesand the meansby which we
superviseand controlthem. Human interdee regarch has shown that automation (vs.
manud control) caries its own inherat complexity, which may or may not be an
improvament. In fad, an indfective human inteface may not relieve complexity, but
simply realign it. This is a overiding concern in human interfae design for mission
planningsystems P2]. Figure 3 shavs theln-Flight MissionPlanning §stem(IFMPS)

Pilot Vehicle Interface (PVI) degribed in setion 2.3.1. The IFMPS PV is a good
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example of a well thougt out use interface, conveying an appropréte level of

information to theuse for the tasks for whch it was designed.
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Figure 3 ORCA's IFM PSPVI

2.3 Misspn Planning vs. In-Flight Mi sson Replanning

UAVs like Global Havk that takea supervisor tact toflight controlandmission
executon rely heaviy on conplex software ysterms. In the cag of Gbbal Hawk, the
development of this softwaby Marconi is, in fact, carently one d the drivirg efforts in
the advanement of the Glodl Hawk ACDT. One subgstem ofthis softwae handesthe
direcing of the air vehicle along its prescrbedflight pah, acconplishing its objecives
aongtheway. Theuser interface of this routeplanning subystem must failitate many

of the same tasks as those @am mission planningefae takeoff. Thus,aduality exists
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betweenthe requiementsof mission planningand in-flight mission replannip systems.
In-flight mission replanning, also caled dynamic replanning, is the anendnent of an
existing mission plan duringexecution. Mission planningis a complexprocessand it
would seem intuitivgl obvious that replanngin-flight should be mucimore difficult.
This is in fat the case. Beause of thetime-critical naure of mission &ecution and the
fact that mission chaes cas@de down to Hect futureroute setions,in-flight mission

replanning is vey chalenging to fecilitate and slow in deelopment.

Mission planningsoftwarefor UAVs like Global Hawk peforms maty of the
same tasks as coentional mission planningoftwae for conventional acraft. In fact,
whether a mission planrgnsystem is beingused to preplam mission or to controh
UAV mission in flight becomes virtuafl transpaent to theuser interface. In other
words, a missionplanningsystem could be atle to opeste much the ane way as the
front end to the @ual flight control softwae for a UAV. Whethe a missionplanning
system is beig used to plan a mission fanF-16 sortienext Wednesds or for a Global
Hawk UAV currently in flight is transparat to thefunction of many mission planing
system components. Therdore, it is coneptualy simple to etend the cuwent
capabilities of today’s mission planing systans to portrg future capabilities of in-flight
mission replanning OPUS, one of todas most advarexd mission planners, descriled
in the nex section. It is used to re@sent in-flght mission replanning capilities of the

near futire.

Let us draw one furthe distinction between yhamic replannig vs. d/namic

retasking: dynamic replanning entails making quick changes to theexisting mission pla,
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in whole or in part. This includes canging the flight plan, collection plan,
communications plan, or dissemination plaifthe curent sene beig taken may be
aborted,andfuture collets my be clanged or deleted. Dynamic retasking implies the
ability to quickly charge plans for image collection taskjrwithout chaging routes o

other aspets of the ovall mission plan 10].

The current capability for in-flight replanning is very limited. Significant
technical advancement is still beng made in othe arcraft systans. The current stde of
maturity of UAV mission control environments is focused oe thore basi elements of
mission excution; the primar one beig a safe, full stopon the runway. CurentHAE
UAV opestions are in the thnolagy demonstrationphase. Functional details and

speifications of orationd capabilities ae now bang notiondly developed.

2.3.1 Existing In-Flight Replaming Research and Deondration Software

Many organizations are curently conductig resarch in the in-flght mission
planning area. Among them ae the Crew S/stem hterface Division, Human
Effectiveress Directorae, AFRL (AFRL/HECI) at Wright-Patterson AFB, and OR
Conepts Applied (ORCA) Corporaon of Whittier, CA. A Phase Il program entitled,
“Low Obsevable Inflight Replannig” was undetaken ly ORCA. Manged by HECI,
the programesulted in sigificant finding (presentedin The IFMPS Final Report[13])
and thelnflight Mission PlanningSystem (FMPS). The IFMPS is primarily geared
towards the gnamic eplannirg of operational Jow-observabk (LO) aircraft (B-2, F-117,
etc.)missionplans. Theyfoundthatbasi@aly three situations result in the egkto replan

in-flight: a change in threa environment €g., pop-up SAM); acharge of mission
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requirementge.g., newtargets); weathe hazrds. “New information is the motivation,”
states one viegraph bullet about what drives-fhg ht replannirg. Much of the coneept

of thelFMPS can e exended to UAV mission plannind.7].

24 Primary MissionPlanning Considerations

For reconnaissare missions, the most importaptoductis the image dataset.
Image quality may vary consideably dependiig on maly factors,and is often the drivip
issuewhen plannirg a mission. To quantify image quality, the National Imagey and
Mapping Ageng (NIMA) developed National Imagey Interprettion Rating Scales
(NIIRS) for various sensonypes. On a sale of zro to 9, NIRS ratings state the dgree
of ddail interpreable from the imagein fina form (after post-procesing and when
viewed in a controllecenvironment with calilated monitors or h@ copy). NIIRS
ratings may be predcted usimg the appropate General Image Quality Equation (GQE)

(see setion 3.4.1) 15].

In hostileairspace image collection will occur a the cost of exposureof the air
vehicle to threats. These threds may beair to dar in theform of hostileaircraft, or surface
to air in theform of missiles. A threat exposuremetric is cmommonly computel based on
exposureto hostile radars, with increasing pendty for serc, traking, or fire control
radarsyespetively. Threat models aredfined for each known theat ¥pe expectedio be

encounteed.

Time is aprimay considergéion for mission planingfor multiple reasons. First,

given a bounded mission duration (i.e. in theeabs d air to airrefueling), less time
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spent fulfilling one mission objetive equates to moretime available for adding more
objectives later. Second, some objectives yn&e constraied by a particular time
requirement. These “time-ontarge” (TOT) speifications rajuire the objedive to be
reacled at a cetain time. Examples would be the surveillancé @ scleduled eent,

joining a flight of otheraircraft, or an air-to-ar refueling appointment.

Manned arcraft missions ee durdion limited by a human’s cgpability to reman
continuousy mission-capald inside the aircraft. UAVs do not sha this limitation.
Operatorsmay be rotaied on shifts to provide continuoyslfresh humancontrol
capability. How to mantain situaiondly-aware operaors over thecourse of mission
durations egeedig 40 hours and thragh sveral crew changes beeomes a gnificant
chalenge, however. It is conectured hee that situaional awaenesqSA) is maintained
most effectively when opemtors are desply involved in'big picture’ decisions about the
route planningprocess. This is also one of th@rimaly consideationsin mission

replannirg: how to maintain opetor SA, and at wat level [7].

2.5 Additional Misson Planning Considerations

By definition, in-flight replannig must include the altang of a pre-planred
course Flexibility must beavailable in theoveral mission plan to dlow theaircraft to be
in previousy unexpected phcesat uneyected times. Decorfliction of airaaft paths
sharingthe same theaterrapace is thereforeagamount. Becauseof the high-altitude
nature of theGlobal Hawk patform, conflictirg flight paths withother aircraft during

cruise ae not probald and esily avoided. Any othe aircraft at 50,000 ft or tgher
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would likely be othe Global Havk UAVSs, all of which would be under control of a
commonMCE, or at least multiple MCEs linked viather common néwvork. At any time

duringasent or @scent, howver, ecorfliction of flight paths is aqmary corcern.

Other items that must be considereldenplanningmissionsarealternatdanding
sites, which must be available should an ightiemegeng arise. This is of paticular
concern forcurrent Global Hawk ACTD opegtions (i.e.test opegtions) in the fae of
high-visibility and Bw spares.Arranging alternate landig sites curently accounts foa

significant percentage of time speat on initid planning of missions.

26 What Information Should be Preented to the Operator During
Flight?

It depends on thetime available for replanning. Available reaction time for

replannirg tasksgenerally falls into three timedmes: hours, minutes, ccnds 17].

e Hours avaiable for replannng: Scenaio Exanple: A charge of landing base B

required due to westher, with plenty of timeto m&e changes [17].

Pleny of time is available toeconfgure the mcesary route parameters to
accountfor anew landingbase. All aspects of the mission nyabe considered ding the
replan, so theoperaor may require grea detail from a complex use interface. The route

could beautomaically re-optimized by a search dgorithm.
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e Minutes avaiable for replannng: Scerario Exanple: Chang of target A high

priority new target is designad only several minutes in advare[17].

Thenewtarget’s priority may supecede all other taets, some, or n@nof them.
Sufficient time in the'minutes’ caegory is not aailable for optimd route regeneration by
changing or loaling in dl new mission peameters. Only a bae minimum of deall
should be presentedio the operator soas to not waste attention on uoessay or
irrelevantdata. Because a quick solution is parount, acceptance of a saptimal route
may be necessay. Additiondly, therelative priority of mission obijetives is not &ways
readily quantifiable: the situdion typically requires intevention by the operator in a
timely manna. This m&es a high level of opeator SA aitical. The ‘minutes

timeframeis thefocus of this reeach and of thelFRS.

e Secondsavailablefor replanning: Scenario Eample: A previougl unknown SAM
siteilluminates the aircraft with fire control rada. Immediate adion is required, and
possiby evasive maneuvering Human intavention ma take too mud time; the

execution of preprgrammed manewers mg be neassay [17].

In the secondstimeframe,sufficient SA may not be immediatglavailable for the
operabr to sep n andassune guidane of the aircraft as dfectively as a series of
preprgrammed evasve maneuwers. These maneuwers nay be execued aubmaticaly
andthe opestor simply notified of the action, with the option to overrideA primary
strengh of UAVs is the ofioading of mundane opetor tasks to automation.lt is

conjectured &re that deceasimg opeator involvement &s the conseaance of reducing
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situdiond awareness. If a huma wereto intavene effedively in this ‘immediate action
required” timeframe, ahigh degee of situdiond awareness is neessay if the opeator is

to beable to immaliately take control o theaircraft and dired it away from thethrea.

2.7 Current Mission Planning Systems

Severalpowaful mission planning software packages e awailable and bing
usa in the military communiy today, the mgor ones desaibed bdow. Others & in
more limited uselike the TLAM (Toméhawk Land Attack Missile) Planning System
(TPS). Still others ae simply in earlier stages of devdopment, like the system Boeng is
developingfor the Joint Strike Fighter (BF). The common denominator is that yhal
strive to take full advantage of themaximum apability of the aircraft systam. The result
is a vey capable,albeit vey complexsystemand user intéace. As onewould expect,
the systans require significant traning for operors to beome proficient in ther usefor

live operations§].

2.7.1 The Air Force MissionSupportSystem(AFMSS) Famly

AFMSS is built around a coref @NIX basedprogramsand modules. Plug-ins
called Airaaft, Weapons,and Electroreés (AWE) modules a s/stem-speific to each
aircraft being sened. The Gmmon Low Obsevable AutoRouter (OLOAR) package for
LO aircraft like the B2 and F117 isan example of the man software programs in the
AFMSS family. AFMSS provides Ar Force users vih atool that speedssud aircraft
specific calculationsas fuel requirements, etc. and eliminates nyaof the mundae

details of mission plannind].
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2.7.2 PortableFlight Planning Sotware (PFPS)

PHPS orignated asa creation of AirForce personnel to fulfill the desiredad fo
a PC based mission plannisgstem. It is government owred andmaintained.andhas
beenadopted ashe PC system of AFMSS. Major components include Combglight
PlanningSoftwae (CFPS), FalconViev; Combat Weapon Delivey Softwae (CWDS),

Combat Airdrop Plannin@oftwae (CAPS), and Caitige Loacer (CL) [8].

2.7.3 Tactical Aircraft Mission Plaining Systen (TAMPS)

TAMPS is used p the US Nay and Marine Corps for the mission planning
requirements of ir fixed and rotay wing aircraft. It is compaable theAir Forces
AFMSS in tha it has many advanced capabilities and runs on dJNIX platform. The
Navy asois usingPHPSas an interim PC baal system until the Joint Misson Planning

System (JIMPS; see balw) becones a\ailable [8].

2.7.4 Joint Mission Planning System (JMPS)

JMPS is to be he repacenent system for AFMSS and TAMFS. It is a joint
developmenbetween the Air Forceand Nay. Both ARMSS and TAMPS have dgfred
human interface defidendes according to uses, whidh MPS will striveto correct. This
multi-sevice mission planning systan will provide commondity for improved

interopeability during exercises and training regmen [8].

2.7.5 The OPUS Mission Planmg System

A stateof the at mission planningsoftwae pakage OPUS demonstrates the

current capability in todgy's mission planing systems. OPUS ontdns the ability to
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control virtually evely aspect of rany conventionalaircraft missions. It could also be
adapted fo use to control the mission esution of UAVsS. The mission plannig
environmentcan ke dynamically linked to militay intelligence updated alabags
containingtarget and thrat information. Routesare normally defined by an autorouting
algorithm, which finds an optimal path g minimizing a cost fuetion, or weghted
combination of sevel parameters. These cost functiomparameters are typically such
things as distanceravekd, eyosure to threats, anfdiel consumption. The routeis
constrainedto fly through predefired route points, which dereottagets fa weapons
relea®, reconnaissaretargets, ralfy points to meet up with other aiaft elements, or
refueling appointments.Thes route points alanwith the orde in which they arevisited
are @led a TieUp. Route points m@ or mg not hae Time-on-Taget (TOT)
constaints, further constaining the roué © pass hrough the spedied locaton at a
speific time. OPUS’s aitorouter usean A-sta heuristicseardh dgorithm for ery fast
computation. The autorouter isery flexible and carmccommodate the mels of virtualy
arny situation, allowing the opeator to vay palemeters like“tenacity”, “prudence”,
“econony”, “curiosity”, “discretion”, and‘caution”. Through theg paameters, tk user
controls the cost function weights for the autoroutirg optimizéion problen. Thus, the
user has mcise ontrol over theoute solution, and can tailor the solution to thedseof

the mission at hand.2].

OPUS is not currentl tailored for use in hidly speialized reconraissance
aircraft like GlobalHawk. It does not contain sophisticateshsor models ragseatative
of advaned EO, IR, or SAR g/stems 12]. Neither does OPUS cumntly allow the

variation of aircraft proximity to atarget for image collection during automaic route
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generation, nor weghting of this proxmity into the autoroutingost function 12]. In
other words, OPUS was not degned for high altitude reconnaissaee where standfh
ranges fom airgaft to taget ae frequenty significant and ariable. Standof range may
be increasedintentionally dependirg on the mission. In the @se of ED and R sensas,
image quality may be traded off far increased eparation distance andheredore safety
from a narby SAM site. In the @se of SAR, image collectionbelow a given standoff
range is not even possible withrcant g/stems, and inge qualiy increaseswith standoff
range unde some cicumstances.The IFRS incaporates tk siquificant featureof image
quality prediction vs. standoff rage and awraft geometry into the rou¢ planning

process.
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3 The In-Flight Replanning Sygem (IFRS)

The IFRS softwae tool is developed to demorat how a simple mamachine
interface conbined wih anexperienced huran opeator can be he nosteffective way to
solve specific mission plannir@oblems. It is to be useth conjunctionwith an OPUS-
like master in-flight misson replanner. The IFRS would beemployed as asubsystem
of this mate replanner in speific circumstances to fecilitate quick replanning of asmadl
segnent d the ovedl master mission plan.The rgplannedmission segment is then
returnedto the mastereplannerfor splicing into the orignal plan, which is then updated
and reoptimized as time is available. Figure 4 graphically depicts thenotionad in-fli ght

mission replanningrocess consided heein.

¢

Mission Under Execution
via Master In-Flight
Missian Replanner

Add Pop-up
Targetor

Hours
Available

reprogrammed Replan w/ IFRS Replan w M aster
Respaise Replanner

Figure 4 Overview of IFRS Enployment
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Several senarios g presented in theaxt section, followed ¥ IFRS applicationto the
scenarios in sgion 3.5. These eamples strive tanake the casefor IFRS mission
replannirg capmbilities, allowing a high degree of human involvement with treedded
benefit of good SA maintenace. It should be sassed that thesergperties & not
currently available with today’'s limited in-flight mission relanning cgpabilities. The
dynamicenvironments demonsteahow opegtors must be abl® quickly asessrelevant

mission data and then command theraft to take appopriateaction.

3.1 A Pagnant Scenaio

A notiond survellance mission of sdected targets in the United Stdes was
developed fo demonstratig a rerouting respone tothe following scerario. The United

States was chosen fféthe eade’s read/ recagnition of dstance sale and bndmarks.

Figure 5 Levee Serario Parti cipants

Fictional Scenaio: As part of a series b dual purpose &ining and flood

monitoring missions, the 31 TES Global Hawk operators, in caaption with the
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Federal Emegeng Disaster Ageny (FEMA) (Figure 5), are conductiry infrared
scanning of leve intggrity and flood prgression throghout the Missouri River flood
plain. Waters arecurrently 10feet aboe flood stage isomearess. IR imaging missions
are beilg conductedat dusk to take advaae of redu@d sun-indued baclkgroundnoise
levels. Tempeaature gradients resulting from differential sola heating of levee materials
andfloodwaterrevealrelative barrier stiength characteristicsOptimum contrast and thus
leveebreachprediction accuracy is achieved wth a sde view of he leveeat sunsetwith
90% prediction quaht degradation afte 1 hour. Departing from EdwardsAFB, CA at
17:00 lo@ time, RQ-4A Glob& Hawk will fl y a regularly scheduled night surweillance
mission of the Missouri River flood plainPrimarytargets include deveein darger of
being breached near the town 6 Glagjow, MO, and anotheone progcting St. Louis,
MO. Seconday targets includea forestry survey in Washington Stateand mappirg a

brush fire in Forida’s Eveglades Ntional Park. Figure 6 deptts the flight planroute.



L
:;-:_'.?'I

Glasgw, MO

Enumclaw, WA
I St. Louis, MO

Start/Fnish: 1257 N Everdades, E
EdwardsAFB, CA

Figure 6 Map of Flight Plan

Several minutes befe suneying the first levee, the MCE is called upon to
participatein an emegency rescue opration neeby. A river tributay has diverted
aroundbarriers and washed though a town, deimating houses and ars. An unknown
numberof resicents have ben swept into theaging wateas. Global Hawk oprators
mustdeviatefrom the curent mission plan and condwetR area garcch concurent with
ground units to possipllocate and obtaia count of tapped victims irthe disasterarea.

Coordination is throug FEMA.

The towrs target coadinates e uploadgd to the mission plan databased
Global Hawk erouted to imge the devastad town. The mission commandemust
decide how to prioritize the upcoming sequence of events. The images cwming back
from the town show may people, but it is unéear which are victims and which ae

searclers. Nonetheless, communication araksistance with thground seach crews
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continues. Shouldthe aircrét bresk off from the sarch? The levees nght not make it
another 24 hours in time fanother mission tomorrow ght. Many lives depend on

knowingwhere tte levee dnger zones areand how bad tky actualy are.

Throughout thecrisis situation, the mission commander must contigualake
informed, moment to moment decisions about surveilldaget priorities. It will be
crudal that the mission ommande have the ability to quickly dired the arcraft and
sensor asking to accommodae a dynamic environment A simple, direct way of

directingthe airgaft and its sensors is criati

3.2 Other Examples

The previous senario took plae ove friendly territory. When opedting in
hostileairspace, additionaonsiderationsnust be madéor threat avoidace and mission
planningcomplexty increases. Minimum requiements m& be placedon image quality,
in addition to danging target priorities & new intelligence information arrives. The

following examples illustrate the dynamics of possibleperdéiond environments.

3.2.1 Example Senarios- Replawith Master Replanner (IFRS Not Required)
e Pop-upthreat appeas in flight path, but narest target priorities ae swch thd the

image mustbecollecied; Disregard hreat

e New target is addd to theter in low threat area and it can beacommodaed in
existing target list without breakingime constaints. Increased theat risknot a

factor; Assimilae new target into routeand collect a maximum image qudity
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3.2.2

Example Senarios- Replawith IFRS

Example 1: Minimum Image Quality Speification and TOT Constraint

A new pop-up hgh priority target is added to theate

Target is 5 minutes awa

New taget makes 4 suvunding preexsting targets also hily priority.

Regon proteted by SAM cowerage.

Requires NIRS > 5 fa new taget; > 7 fo all other tagets

Must ove fly a far future target a a prescribed time sud that not enough
time is available to accommodateethewtarget and all preexsting targets:
must skip someupoming targets, dl of which hare compaable priority.
Must decide whichgroup to skip basl on opeator's expert knowlede o

theaer.

Example 2: Threat Risk Not Quantifiable

A pop-up threaappeas neaby.

Global Hawk is testinga newECM packa@e onboardeffectivenessagainst
various threats is unknown/unproventeidt modelsin autoroutirg algorithm

may be too conserstive.

Targets of medium priont are beirg imaged now.
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e Threats of this type have missel 8 of 10 shots ovehe last week; inteligence

sugeests ECM my bemoderaely effedive aganst this thret type

e The opeator must wegh rdative target priority and image qudity

requirements vseducedrisk from threat.

3.3 The Nedl for an IFRS

Given hat missibn plnning software must be vey conplex to contol all faces
of HAE UAV reconnaissare, the intefiace must througput huge varietiesof data. The
sane flexibility of user interface tha dlows the use to solve planning problems by
choosingthe most dective options becomes a liabflitvhen time critical problems ar
encounteed. It takes time fo human opetors to wae through mary options and
choices, sdting radio buttons, list boss, pull down maus, ad editable text boxes as
they go. Commonmission planningtasks (eg. charge the weaght of threat risk vs.
routing efficiency or re-order a group of tagets) in cumrent, conwentional mission
planningsystems mg take 20 o0 more discete opeations. This makesoperatorswish
for an abbreviated way of accomplishingcertain tasks wha timeis short. To restae the
problem, ony the most absolutglnecessay choice @tions andinformation must be
presented to opersors when time-critical situaions didate a speedy and potentialy sub
optimal solution. The phrase “quick and dyft is sometimes appropriate teferencing
solutions that ol must begood enogh to get the job doe. Microsoft WindowsCE, a
barebones opratig system for grsoral assistants and palm sizomputers, is good
example of how a complesgystem like Wndows can be striggal down and mace useful

for simple quidk tasks.
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Global Hawk opgators fom the 31% TES have beeinterviewed who end thei
progran stgus bridings with achat tha simply has thewords "Mouse Clicks" in a

hatched citle, like a nesmokingsign (Figure 7)[4].

Figure 7 No Mouse Clicks [4]

It takes timeto change paraneters and ravigate throwgh al the fields and menusof albat
extremely cgpable mission planing sdtware. It is agued tha opeators ned the ability
to pae down \ery complex mission planing capabilities to aminimum level when

speed, on-thefly decisions a required.

Intelligence information surroundig the mission environmentan charge
quickly, as well as requirements for intdli gence collection by the imagedaa end-users.
Simply adding new targets and thre#s to themissiontheater during missionexecution is
not a problem under mangircumstages. Charging objectivescan often be loaded
directy into datbasesacessed P the roue-planning algorithm. Thes aubrouters can
easily optimizea new routeto accommodae new targets oravoid new threats if enough
advane notice iggiven for hunan opeators to quantlf the nev situationandphysically

input this data.Some scenarios, howewy pesentfuzzy’ or lessclearly defined target or
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threat propertis. These aredifficult to quantify and load into an autoroute’s database,
especialy when time is short. Colond Michael Frands from DARO ha dso sa&d, “The
human capability to g/nthesize complex forms of informaion and rapidly render
judgment is superior to todg’s computer-lased gstems in may if not most,
circumstances” [7]. The solution is to le the human opeator keep treck of this
information and not worrgbout convertig it to discrete prameters fa the autoroutirg
software. This researcheffort is to develop a demonstration-voute eplannirg tool
which allows the opeator to quidckly replan a segnent of the routebased on threesimple
route guality’ metics: threat risk, exected imge qualiy from the equired #&rgets, and

time available to fly theroute

34 Software Architecture

A full-capability, OPUS-like in-flight mission relanneg is use to @ntrol dl
aspects of the mission dugithe normal modefmpestions. It handlestheincorpaation
of new targds, threts, imag quality requirements, prioritization of tasks, dternae
landing sites, dc. into themsaster plan of executing dl mission obje&tives. The master
planng has full autorouting and routequdity analysis cgabilities, and every option is
available to the human ogeors to tak full advantge of theGlobal Hawk's vastamray
of capabilities. Should a situation arisequring a “quick anddirty” replannirng solution,

thelFRS is emplged.

The FRS functionsasthe WindowsCE mode to the main mission plannét.is
usal to dlow the opeator to develop a modificaion to asdected segnent of the route,

usually a sction within sevaa minutes of being oveflown. The seleted segmentis
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downloadedto the IFRS, modified  the ugr, and then upkmled bak to the main
missionplannerto beincorporaed into the master mission plafmhe routefollowing the
new segnent is then re-optimizel with the autorouting dgorithm. Consideations for
keeping time-on-taget requirements for future route points (oneexample bang when
fuel is exhaused) arepresengd to the useras partof the feedbackgiven durng the roue

modification process.

IFRS @mputes the route quality metrics NIIRS Estimé&e (NIIRSE) (see section
3.4.1) and simulatedroute survival probability. Available slack time is also computed,
which may be usedor extending the dstance ravekd n the segmentbeing modified. A
slack time limitation is present only if future TOT constrants eist. For instance, if an
upcomingtargetmust be surveiledybsundownat 18:30 and the crent routeallows the
image to be collected at18:00,30 minutesof slack time is availableThis 30 minutes
may be used to etend the route bere that taget to avoidthreatsor collect additional

images.

After runnirg the initial catulations on the segent and displang theresults,

the user has two options for madifg the roue in thelFRS (Fgure 12):

e Create Route Mode: click to definewaypoints of a ew route letween sart

and end points.

e Adjust Route Mode: shape, o ‘tweak’, the existing route ly dragging

waypoints

Following definition of a newroute, the usepresse the Evaluate Route button to

recompute and dispfathe new roué qualiy metrics. The pgocesscontinuesiteratively
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until eithertheroutefulfills all requirenents, or it is judgd ‘good enowgh’ becaus time
has run out.The navly replanred sggment is then uploadedabk to the mastan-fli ght

mission r@lanne for assimilaion into theexisting routeand subsgquent reoptimizéion.

3.4.1 National Imagey Interpretation Rating Sale Estimation (NIIRSE)

NIIRSE is a numerical pdiction of NIRS rating by the IFRS foragiven
imagng geometry configuration, i.e. aimuth, elevation, and slant rge In an
operational situation, an intensivaaulation usinghe GIQE would & most accrate fa
makingNIIRS predictions.EO andIR GIQEs have a multitude of inputs and situation-
specific vaiables [L5]. Some are sensor dament, while othes depend oratget
materials and surroundinggmospheric conditions, amggometry. Often, the taget type
and some information about its surrourgdinvill be known, as @l as pertinent senso
parametes. Atmospheric dta and Ighting conditions mg be measued orcalculated,
and inoorporded into thecomputdion as well. Given the aailability of this informadion
to a sophisticated in-fllgg mission planningystem, pedictions of imge quality may be
made in flight with reasonablaccuracy from the GQE. The data points in O repsent
NIMA-assgnedNIIRS ratirgs of Global Hawk IR imagery. Vertical bands show the
95% @nfidence intervals of prior NIRS pralictions usinghe GIQE. The logarithmic
relationship betweeNIIRS degradation and (stand® range is alsaappaent. Specific
values have been omitted from theplot dueto thesensitive nature of systam

specficaions P].
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NIIRS

L og Range

Figure 8 NIIRS Prediction Quality from the GIQE

For IR and EO sensors, gnerizations may be mae about imge quality
predictions. Thus,the GIQE NIIRS prediction fo EO andIR sensors m# beredued to
a function of geometry alonewith reasonald acuracy. This is the basis for NRSE
calculations made by the IFRS. Due to the sensitive naure of guantitative system
performance data, only represenétive valies ae usedn the IFRS. The general trend 5
shownin Figure 9 [11]. Less is known about inge quality prediction for SAR. It is
generally highly nonlinear withrespect togeometry and mang other variables. Much
effort is currently beng put into quatifying and vdidating SAR imae qudity

predictions, but it is lagely classified and will not beaddressel here [21].
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Global Hawk EO Performance

EO NIIRS

Standoff Range

Figure 9 Qualitative NIIRS Degradation vs. Standdf Range: EOSensor

3.4.2 Assumptions

It is a simple mater to transfe data sud as route points, taget locations, thret
areas andypes,wind direction, etc. betwen prgrams. Therefore, the mairemphasis of
the IFRS is to demonstrate theptannirg function and not ecount fo all details

necessy for an opeational g/stem.

Globd Hawk turns at cruise dtitude are quite large in radius, nornally at a
standard radius foaround 8 NM. Evasive masuvering is obviousl not possible,
consideriig the thin atmospherund at 60,000 ft. Even so, the relatively large map
scak appopriate for the IFRS in these eanples does nojusify the computaton of
curved urns. Thus, trnsare showras veréx points in the IFRS aswell asin the master

mission plan.

The mgority of Globd Hawk missions i spent in ‘cruise-climb’ mode defined

as maintenance of aititude ramge uswly between 60,00Gt and 65,000ft, depending
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on the mission.As fuel is burned, the air vedie is allowed to creeppwardsin altitude
asit burnsfuel and deceases in weght. The rate of climb during cruise-dimb varies, but
is generdly less tha 5 ft/min [20]. This further increases sensing range while putting
more altitude between threats on tiggound or fom hostile aircaft, most of which
service ceilings well below 60,000 ft. Thus, altitude is assumed constant tfte short

segnents @ routes &ound 30 minutes or lessgihg replaned in thelFRS.

Eachof Global HawKs sensors maopeaate ineither spot or sssch mode. The
IFRS dlows for useof spot modeonly to limit the smpe of this research. Field of
Regard (FOR) @nstrants Figure 10/ Fgure 11) limit the directionstha the sensorsmay
‘look’ from the aicraft. For the EO andR sensors, aimuth is constrained to +/- 15
degrees off each wingtip. The minimum timeduraion to ®llect images is alsospecified.
This time value is specific to ela sensor.HAE UAV CONOPS specificationsene used
for both imaging times and FOR vdues. Each point déning the current route is
evaluated fo eligible imaging locations. For imaging to be possiblat ary given route

location, sevdl criteria must be mt; see Table 1.
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EO SensoiData Sheet

75°
System: Global Hawk ~~~_ -
Maker: Raytheon
Type: EO
Model:
Sensor Characteristics
Optic Train: Cassegrain Reflector
Aperture: 11in
Focal Length: 69 in
Array Size: 1008 x 1018 pixels
Pixel pitch: 9um 340 kts
Wavelength: 0.55 - 0.8 pm
FOR: 75° - 105° and 255° - 285° Az/+80° of Nadir
FOV: 0.3°x 0.3° (5.1 x 5.2 mrad) PR ———
Sensor Performance 80° 80°
Mode: Spot Search (WAS) 65,000 ft
Resolution: NIIRS 6.5 @ 45° NIIRS 6.0 (@ spec coverage rate) 0°
Size: 11x11nm 5.4 nm/swath
Time Reqd: 7.5 sec
Coverage: >1900 spots/day 40,000 nm2/day
Physical Characteristics
Weight: 291 Ibs
Size: 12.6 ft
Power: 995 W
Cooling: nil
Environment: ambient S4n,
LRUs: 2 (incl. IR)

10 x 14 images/spot

Figure 10 Global Hawk Electro-Optical Sensor Specitcations [10]

System: Global Hawk
Maker: Raytheon

Type: IR

Model:

Sensor Characteristics

Optic Train: Cassegrain Reflector

Aperture: 11in

Focal Length: 69 in

Array Size: 480 x 640 pixels

Pixel pitch: 20 um 340 kts
Wavelength: 3.7 - 5.05 pm (InSh)

FOR: 75° - 105° and 255° - 285° Az/+80° of Nadir

FOV: 0.3° x 0.4° (5.5 x 7.3 mrad) I ———
Sensor Performance 80° 80°
Mode: Spot Search (WAS) 65,000 f
Resolution: NIIRS 5.5 @ 45° NIIRS 5.0 (spec coverage rate) 0°
Size: 11x11nm 5.4 nm swath

Time Reqd: 6.1 sec N/A

Coverage: >1900/day 40,000 nm%/day

Physical Characteristics

Weight: 291 Ibs

Size: 12.6 ft

Power: 995 W

Cooling: nil

Environment: ambient 54 n

LRUs: 2 (integrated w/ EO)

7 x 14 images/spot

Figure 11 Global Hawk Infrared Sensor Specitations [10]
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Tablel Criteria Determining Valid Route Points for Imaging

- Aircraft not turning
- Target within FOR limits

- Sufficient timeavailable
within these constrants to
complde image collection

3.4.2.1 RiskDsfinition

Sophisticated and Hify classifed threat models mngabe used in an ogrational
environment to chaecerize the risk assodated from paricular threats, i.e. he SA-5 or
SA-10 surfae-to-air missiles, with hig ergagement englopesrelevantto Global Hawk
missions. These modelseaperaterisk as a funtion of mary variables,and are beyond
the smope of this denonstréion software Risk from asingle threat, Risk , is asume to
be a fundion of radial distance and time dwdl within range of the hostile fire control

radaraacording to the followirg equationwhere Cr = cost of risk factoandd = radial
distance to threat:Risk —J'DrE-Id—ZD (unit risk) [24]. Route Survivability is a

guditative metric simulaing a complex probaility of survivd calculation ove the route
segnentin question,asin an operational ystem; thee it would be calculated utilizing
actual thrat models combined with Monte Carlo runslt is calculated here for

demonstrational purposes gnlwith Risk ddined aboe and dpitrary Waght:

RouteSurwability = [(Weight .

Risk
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3.4.3 Coordinate Systmas

Three diferent coordnae systems are used n the algorithm. The WGS-84
Geoddic frame is usel to inteface with mgp coordinates. A loa East-North-Up(ENU)
frame is used formost position calculations.An eath-cenered, earth-fixed (ECH-)
rectangular Cartesian frame is usel for calculating relative positions whee additiond

precision is rguired, i.e. travel time calculations [14].

3.4.4 The Graphical User Interface

Figure 12 showsa route segnent from theman OPUS mission displag in the
IFRS to start the iterativesplanning proaess. This exocentric,or ‘bird’s eye’ viewpoint
is dominantamong mission planningroute displgis where ogrators must frequentl
solve navigational problems and coamge solutions with dernal sources.It is moe
efficient for the human ogrator if all information soures havea consistent frame of
reference For example, it's easier to compare mgp information bdween two eath-
referenced, north-up displgs than letween o north-up mapnd one thatotates with an
aircraft headirg. Rapidly reorienting between frames ofreference requiresattention and
can be difficult. If referene frames & consistent, mental amsformation beteen
frames is unneessay in order to fue the data into a eanirgful picture [23]. This is
critically important wken m@pid decisions must be maden stressful, in-flight
environmentsvhere coordiration occurs withground forces, exernal mission planning
elements, or othenircraft [18]. The user forms aew route ly moving exsting
waypoints or addig additional ones usgthe Adjust Route and Create Roue buttons

described in sgion 3.4.
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In-Flight Replanning System (IFRS)
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Figure 12 The IFRS GUI

A greatdeal of information is convged to the use about the routeegment

shown in kgure 12. To assist in databsorption efftiengy, color is usedextensivey.

Amongvisual displg elenents, color has le& shown to hold short-term mergdsetter
than shges or numbers. Memory is an important dement in iterative revision of the
route Color processing is dso farly automdic and daes not require much atention to
recaggnize. It groups GUIlattributes into lager caegories moreefficiently handled ty
short-termmemoy [23]. Greenconnotes 'god and'in pragress' status. Targets ee
displayed & green triangle symbols, with newvly added targets filled in with grea to
stand out from prexisting targets. Green is usé to denote al information relaing to

targets, such asINRSE values andabh regions when imajing may take pla@. Reddots
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depictthreatlocations; newly addedthreatsare overlaid with a small red cite. Threats
are encircled with a ring depicting a risk threshold (reluced probability of survivd),
based on thid models for that theg type. Red andyellow connote dager andcaution,
respectively. All thred information sud as the threat risk threshold rirgs and threa
locations is displagd in red, whilethe Route Survivability meter is maked in yellow.

See Tabé 2 fa a sunmary of color use n the IFRS GUI.

Table2 GUI Attribute Color Groupings

GUI Attri bute St Assocated Color on GUI

Threat Irformation:

e Threat location RED
e Risk threshdd RED
* Route Survivahility YELLOW

Target Information:

e Target Iacation GREEN

* Route portionswhere imaging is GREEN
possible

« Route portiors where actie imaging GREEN
is taking place

e NIIRSE valuesonmap GREEN

- ‘Min NIIRSE’ text boxvalue GREEN

Route Information:
e Route path BLUE
e Turn points BLUE

Portions of the route passify a taget durirg which imaging could be &king place are
maked green. A green radia line to the target maks the optimd image collection

location, provided the minimum INRSE speification is met. A minimum NIIRSE

3-19



speification results from theuse entering a value in theMin NIIRSE for All Targets
editable text field. This assists thause in establishing a pah saisfying an imagequdity
floor during route adpstment. The NIIRSE value s displayed in green near each
imaged target, with a zero value indicating image quality does not mee the minimum
NIIRSE. All target NIIRSE lebels maybe removed from thedisplay by switching off the
NIIR SE Map Labds pull-down selector if the map becemtoo cluttered.In this @ase,
the NIRSE value fo a specific taget will be displagd in a smallpop-upwindow that
appearsvhen the mouse pointgpauses momeniéy over atarget. If targets mustbe
viewedfrom a resticted amle (as n to survey the dy side of a évee), green arcs ae
drawn aound them at theadius that wouldprovide images satisfying the minimum
NIIRSE specifiation. Duration and distarecof the route sgment beirg modified are
displayed in blue as well as the path itsdf. [If positive sleck time is available in the
currentroute, he Sladk Time vaue is highlighted in green. Likewiseif a future TOT
constrant will not be met with the current route (i.e. negative Sladk Time), thevdue is
highlightedin red anddisplayed asa regative value. Also shown in thdFRS QJI is an
insd of the masta mission pla. Once the segnent beng replannad with thelFRS is
finished, the user psses thQUIT -Upload to Master MP button to teminae the IFRS
application and insert the weseggment bak into the master mission plaifhe remainder
of the mission will the bereoptimized as time dlows, usingthe full-featured master in-

flight repkanner.
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3.5 IFRS Application

3.5.1 BasicApplication: No Threat Cansideations

Let’s revisit the Missouri flood asescenario to seehow the IFRS would be
employed. Firstof all, themission would be completelaid out in adence d departue,
just asmissionsare plannedtoday. The mission egcutes normayi right up to when the
call comes in to the MCE for emergency assstanceat the narby town aea. At this
point, it becomes appant to the mission commander thtae missionplan needsto be
alteredto do somead hoc surveillance in support of the local search crews. start the
process, the mission plannirgfficer downloads thelocal region and the included
mission pla sgment to thelFRS Figure 13). They will be modifying a 30-minute
(dependig on the size of the route afected portion of the row beginning 5 minutes
(determined by the time available beforereaching the route segment beng replanned)
from Global Hawks current position. The Sladk Time field displays time remaining
within thelevee aalysis optimal time window aftesundown. Coordinates fothe towrs
new image target (a filled-in gree triangle) are automadically added to themission pla
database andisplayed on the map withthe original route throgh thearea. The roue
also shows where images of peexsting tamgets (hollow green triagles) would be
collected if the mission wee left unchanged. The minimum imae qudity required for
leveearalysis is a NIRS of 6.5, so thMin NIIRSE for All Targets editable &xt field
has been seaiccadingy. Side-on vews (as opposeto directy overhead of thelevee
presenthe best gometry for anal/sis. This means the roetshouldyield images greter

than 6.5 NIIRSE but remainas far awg from the taget as possible for side weg.
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Since no threats arpresent for this missiorthe Route Survivability meer is fixed &

100% to sugest it should begnored.

In-Flight Replanning System (IFRS)  gumanity
100
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Figure 13 Example 1:
Mission Segnent Downloaded to IFRS with New Target

Once the missioncommande recives autharization to deviate from theoriginal
misson plan,the decsion is made D reroue © the rescuearea butalso colectan mage
of the now distant, first leve@igure 14). The Min NIIRSE for All Targets editable
text field hasbeenresetto 4 to help plan theoute shownyielding an interpetable but

sub optimal 4.3 NRSE picture bthe first lewee.
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Figure 14 First Replan: Image the Tow Rescue Aea

It is clear from cursoy interprettion of the leve scans, nowmagedat too great
a dstance fo accurate analysis, thatthe levees & in bad shpe. The weakcondiion of
the Glasgow levee, the unknowondition of the StLouis levee,the 24 hoursbefore
another imaing opportuniy, and the immedigcof the resue ogeration support alnust
beweighedquickly. The decision is made to bak of from therescue operdion, leavirgy
themwith atleasta shge suvey pass of heir searcharea. A new route is definedto the
first leveefor better pttures, continuig on to the secondelee area in St. Louis with
only 7.2 minutes oSladk Tim e within the optimum levee surydime window (Figure

15).
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Figure 15 Secord Replan: Re-imageFirst L evee @ Optimum Distance

3.5.2 Full IF RS Capalblity Application: Scenarios Wh Threats

To demonstrae the cgoability of the IFRS in athreat environment, let's revisit the
first exampleof section 3.2.2.It specifes the addition of a prioyitpop-up taget to the
immediate areallg]. The target is a parkilot howewer, andonly a countand general
classification of the ehicles is requied. It's deermined that an © NIIRS of 5 or
greater will fulfill the requirement. The 4 pre&isting targets in the area are antidrcraft
artillery (AA A) bdteries suspeted to be of thenewest type tha have been letha to Army
Apachesoperaing in the aea. NIIRS raings of 7 orgreaer ae deemed neessay for

type classification of the AA guns. While AAA is not athreatto the high flying Global
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Hawk, a SA-10 suface-to-air missile(SAM) emplacement to thenortheat protects the
area. An addedconsideratiorfor the mission commander isST@OT (Time on Trget)
constrant: the planned upooming suneillance of a road intersetion where a covert
terrorist meetig is supposed to take place agiven time later in themission. This

constrant leaves little slack timeto lengthen theroute.

5 Al
In-Flight Replanning System (IFRS]  cuwtis,
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Figure 16 Example 2:
Mission Segnent Downloaded to IFRS with New Target

The chdlenge is to quikly reroute for the new senes, collecting images meeting the
required minimum NIRS rdings and avoiding the SAM threda as mud as possible
while weighing the covert meting TOT. Figure 16 depicts theinitial IFRS sceen with

new taget before rerouting
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The mission commanda may decde the terrorist meting is somevha lower

priority andhedgesa bet thatit will take place towals the endf the time window.All

targets are imaged with greater than the minimum NIRS requirements d a cost of

missingthe first 15 minutes of the TOT time window andreased tleatrisk. Figure 17

shows the resulting replan solutioft.is then uploaded back to the master misgiam,

which reoptimizes theremaning mission route
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Figure 17 Replan Option 1: Break TOT Constraint

Another option for the mission commander istaeptreduedimage quality for

the 2 east most tgets and madthe colletion aryway. Figure 18 shows this option.
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Figure 18 Replan Option 2: Break NIIRSE Specification for 2 Targets

3.6 The Future for In -Flight MissionPlanning

The stateof the artfor in-flight mission replannm is rapidly advancing. The
advent of broadband communi@tions and ultra-hgh spee data aes has maal
supervisoy-controlled UAVslike Global Hawk a reality, as well as the nar-rea-time
transmission of thie images. Much moreis on thehorizon however, like ‘smart’
replanners utilizingfuzzy logic or neurd neéworks @pable of andyzing contingencies
and developig solutions on a much deeplewe than is now possible Other in-flight
technologes, like the Rotorciia Pilot's Associate cuently being deweloped for the

Army by Boeing Mesa, demonstrat in the AH-64D Apache Longbow the nek
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generation of mission planing capability. “The system is smater than many pilots and
faster than thedst,” said CWl John E. Vandenbergdarmy RPA chief testpilot. The
system handlesemsordatafrom on-baard radar, off-board soures via the ImprovedData
Modem (IDM), Joint Tactical hformationDistribution §/stem(JTIDS), radio frequencgy
interferomeery (RFI) from bdtlefield threa emitters, infraed targeting and aaquisition
system (TAS),and on and on.Huge quantitie®f battlefield dataarefused for predicting
target motion, providindire control fa otherweaponlatforms, maneuveng evasivey
around pop-up threats,etc. The human intedce is higly adwanced with multiple-
displayvisud and 3-D auditory cues. Eventudly, these advanced caabilities will be

assimilatedinto the UAV aren, further emplasiang the hands-omole of the oprator

[5].
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4 Conclusons and Recormendations

41 Conclusions

The FRS allows usersto take into account may properties ® mission planning
that are diffcult to quantiy. As swch, humanopeatorsare usedin their advantgeous
capaity to weigh choicesand de¢rmine an aceptble resul. This is in contrastto the
conventional optimization process that seeks to findeat'lsolution; often we seek
solution tha will simply work, given frequently time-limited and dynamic opeationd

environments.

42 Remmmendations ard Further Research Opportunities

The first st towad implementaion of IFRS-like in-flight replanning toolsis to
continue refinig the HAE UAV conventional mission planningrocess. Mission
planning duration must be shortened ance throcesssimplified; the bimonthly Global
Hawk Mission PlanningVorking Group (MPWG) meetigs are one example of this
monumental effort wll underway. No doubt the missioplanning streamlining effort

will continuefor sometime.

Next, this alvanced mission planing capability mustbe extended to red time,
on-the-fly control of missions durig execution. Eventualy, the full capabily of
preflight mission planing will be available to the MCE in flight. This capability will
then need to befurther streamlined into asimplified in-flight missionreplanner like the

IFRS for usein time-critical replanningscenarios. Of courseg the application of afull-
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featued prélight mission planningystem to in-flightmissionreplanning isnot a one
step procedure It will evolve over time, gradually building capability. In thered world
of tight budyets, aggessive scedules, milestone coungpn and eport/paperwork
generation, deelopment of the corentional and in-flght mission planning praesses
outlined in this thesis mug occur simultaneousl. Thus, we reagnize tha thered world
evolution of in-flight missionreplannirg is more complicad and convoluted #m an

ideal on paper.

Opportunitiesfor further reseach ae present for invesgating the impact 6
variable dgrees of automation on variouseplannirg tasks. An IFRS-like tool
contaning somelevel of pah optimizaion to assistthe opaator during pah replanning
could be develogl. Human subject tas could becondictedto further understandig of

which combindions of taks, timelimits, and automaion ae most éfective.

4.3 Final Remarks

In 1996, tke Air Force Chief ofStaff directedthe Air Force Scientific Advisory
Board (SAB)to conduct the styd “UAV Technolgyies and Combat Opations”.

Amongtheirfindings were:

e UAVs have ggnificant potential to enhagcthe abiliy of the Air Force to

projectconmbatpower in the ar war.

e UAVs have the ability (range, persistene, survivabiliy, and altitude) to
provide significant surveillance and obsration data&economicaly, compared

with current maned airceft appro@hes.
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e UAVs have the potential to accomplish tasks that ernow, fo either
survivability or othe reasons, diffiault for manned aircrat including
counterair (catering runways and attackirg aircraft shelters), dstroying or
functiondly kiling chemicd wafare/biologica wafare (CW/BW)
manufacturig and storag facilities, and supgmssion of enegnair deenses

(SEAD).

e Insuficientenphass hasbeenplaced on huran sywtems issues. Particularly
deficient are appications of gstematic apprachesto allocaing functons
between humansnd automation, and thapplication of human afkctors

principles in gstem design|[1]

UAVs are provirg their wath with positive operational @erienes, suchasthe
previewirg of CAP aeasand tagets fa F-16 pilots in Bsnia [L8]. Eachsuccesstory
gains afew mae supportes, espeially when a ginificant opeational impactis made.
Despite thegrowing pains assuated with arelatively new, fast movingtechnolay,
UAVs and the mission planningystems that condl them aregaining a foothold in the

opeationd world; astepping-off point into thebatlefield of the21% century.
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Appendix A: IFRS Matlab Code

% Thesis Main Code, Capt Dave Pritchard, AFIT GAE-00M-10
% Version 3.33, Build 3

%%

%%%%%%%% % %% % %% %% % %% %% %% %% %% %0 % %% %% % %% % % %% % % %% % % %% % % %% % % %
% This script requires the following .m files, which

% are executed as subfunctions:

%% setup333.m

%% ring225.m

%% arc225.m

%% rad2meter.m

%% lla2ecef.m

%% crad2heading.m

%% checkpath.m

%% create.m

%% adjust.m

%

%%%%%6%% %% %% % % %% % % %% % % %% % % %% %% %% %0 %% %% % %6 %% % % %% % % %% % % %% % % %
% Coordinate system denotation conventions:

%% xx_g = Geodetic frame (WGS-84 unless o/w stated)

%% = [latitude longitude altitude]

%

%% xx_gd = [deg deg m]

%% xx_gr = [rad rad m]

%% xx_gm =[m m m] (nottrue geodetic but local ENU: named for
convenience)

%%%%%%

%% xx_e = Earth Centered, Earth Fixed frame

%% =[m m m]

%

%%0%%%%% %% %% %% % %% %% %% %% %% % %% %% %% %% %% % %% %% % %% %% %% %% % %% %% %

% Task Switches: switch on or off associated features
% X_sw =1 for 'on'
% X_sw = 0 for 'off'

TargVisArcs_sw = 1;

%%%%% %% %% %% %% % %% %% %% %% % %% %% %% %% % %% %% %% %% % %% %% %% %% % %% %% %
%%%%%% INITIALIZATIONS:

% sensortype:(1=EO 2=IR)
%sensortype = 1;
% Convert min NIIRSE Specification to min Ground Range = [km]
if  MinNiirse == 0,

grspec = inf;
else ,

if sensortype ==1,

grspec = interp1(EOdata(:,2),EOdata(:,1),MinNiirse);
elseif  sensortype ==2,
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grspec = interpl(IRdata(;,2),IRdata(;,1),MinNiirse);
else ,
disp( 'Error: Unexpected sensortype' ),
end,
end,
%9%%%%%% %% %% %% %6%6% %% % %% %% %% %% %% %% %0 %0 %% % % %% %% %% %% %% % %% %0 %0 %% % % % %%
% x,y = uninterpolated values = xuser, yuser = [deg]
% fill in between selected route points for increased resolution
maxx = max(xuser);
minx = min(xuser);
maxy = max(yuser);
miny = min(yuser);
% 'maxdiff' = [deg] sets the largest acceptable lat or lon increment
% filling-in path with linear interpolation:
% divides smallest change in lat or lon (endpt-startpt) by resolution
maxdiff = min([(maxx - minx)/resolution (maxy - miny)/resolution]);
maxdiff_deg = maxdiff;

maxdiff_deg,
segment =[]; xfit =[]; yfit =[];
for p = 1l:(length(xuser)-1), % pre-interpolated # of path pts.

xtemp = []; ytemp = [];
[ytemp, xtemp] = interpm(yuser(p:p+1),xuser(p:p+1),maxdiff);
% build x,y columns of pathl
xfit = [xfit ; xtemp];
yfit = [yfit ; ytemp];
% build 5th column of pathl = [path segment number]
segment = [segment(:) ; p*ones(length(xtemp),1)];
end
% update x,y = [deg] to interpolated values
x = xfit;
y = ¥fit;
% update npathl to # pts post interpolation
npathl = length(x);
% fill in z1 (altitude), v1 (flt. velocity)
% z=const=20km, npath1 pts
alt = 20000; %[m]
vel =180; %[m/s] 180 m/s = 350 kts
z1 = ones(npathl,1)*alt;
% velocity at each n pts
vl = ones(npathl,1)*vel;
% clear axes & plot previous path iteration

axes(mapH);
cla,
axesm( 'mapprojection’ , 'mercator’ ...
'maplatlimit’ ,maplatlimit, 'maplonlimit’ ,maplonlimit),

patchm(uslat,uslon,mapbackgrndclr),
patchm(gtlakelat,gtlakelon,[0 0 .75]),

plotm(statelat,statelon, 'k ),

gridm( 'mlinelocation’ ,1, 'plinelocation’ 1),
mlabel( 'mlabellocation’ ,1);

plabel( ‘plabellocation’ ,1);

hold on,

% 6th column for pathl = noturn(y/n) = [binary]
sega =[]; segb =[]; yesturn =[]; noturn =[J;
noturn = ones(npathl,1);



segb = segment(2:npath1,1);
sega = segment(1:npath1-1,1);
yesturn = segb - sega;
% add back initial point and assume it's in a turn
yesturn = [1; yesturn]; % now length = npathl again
% make noturn = 0 for vertex points
noturn = noturn - yesturn;
% make last point a turn point
noturn(npathl,1) = 0O;
%9%%%%%%%%%%%%%6%6 %% % % %% %% %% %% %% % %% %% %% % % % %% %% %% %% %% % %%
% create new pathl (length(x)) for evaluation
% initialize pathl matricies
% note: pathl_gx and pathl_e all contain velocity and seg# columns
pathl gd =[]; pathl_gr =[]; pathl_e =[];
%%%%%% %%
pathl_gd = [y,x,z1,v1,segment,noturn]; % geodetic frame [lat lon alt]
%%%6%6%6%%%% %% %% %% %% % %% %% %% %% %% %% %0 %0 %0 % % % % %% %% %% %% %% %% %% %
% compute course heading
% note: length(headingl) = (npathl - 1)
pathb_g = pathl_gd(2:npathl,1:2);
patha_g = pathl_gd(1:(npathl-1),1:2);
dheading = pathb_g - patha_g;
% 'headingl_r' = [radians] on interval (-pi,pi) w/ x-axis reference
headingl_r = atan2(dheading(;,1),dheading(;,2));
% 'headingl' = [deg] on interval (0,360) w/ true-North reference
headingl = crad2heading(headingl _r);
% convert deg to rads for lla2ecef.m
pathl_gr = [pathl_gd(:,1:2).*pi/180 pathl_gd(:,3:5)];
% convert to ECEF coords for analysis
pathl e = lla2ecef(pathl_gr(;,2),pathl_gr(;,1),pathl_gr(:,3)); % ECEF
frame [m]
pathl_e(:,4:5) = pathl_gr(:,4:5);
if initial_run == 0,
% plot previous path for comparison
pathO_gd = pathl_gd;
plotm(pathO_gd(:;,1),path0_gd(:,2), 'c--' ),
end,
%%%%%%%%%% uncomment below to see individual interpolated path pts.
%plotm(pathl_gd(:,1),pathl_gd(:,2),'b.",
% plot new route
plotm(yuser,xuser, b ),
plotm(yuser,xuser, 'b." ),
% plot first and last pts black
plotm(pathl_gd(1,1:2), k* ),
plotm(pathl_gd(npathl,1:2), k* ),
% compute travel time and distance
distl =0; dist_i =0; dpath =[]; timel =0; path2 =[]; pathl =[];
% subtract (i+1) shifted path w/ (i) path
% length of each is (npath1-1)
pathb_e = pathl_e(2:npathl,1:3);
patha_e = pathl_e(1:(npath1-1),1:3);
dpath_vec = pathb_e - patha_e;
% norm across rows
dpath = sqgrt(dpath_vec(;,1).”2 + dpath_vec(;,2)."2 +
dpath_vec(;,3).72);



distl = sum(dpath);
timel_vec = dpath./pathl_e(2:npathl,4);
timel = sum(timel_vec);
format bank,
travel_distance_km = dist1/1000,
travel_distance_nm = dist1/1852,
travel_time_minutes = time1/60,
travel_time_hours = time1/3600,
format short,
% plot threat points
plotm(tht_gd(;,1),tht_gd(:,2), '),
% plot threat rings at rmarr radius w/'ring.m'
% assumes ring radii are precalculated for current flight altitude
(20km)
% actually, project a/c path to ground: same effect; simpler!
for i=1l:length(tht_gd(:;,1)),
ring225(tht_gd(i,1:2),rmarr(i), ™)
end,
% compute threat metric: 'risk' ~ 1/r*2
% assumes ring radii are precalculated for current flight altitude
(20km)
% metric based on 2-D map projection of flight path to grnd level
dtht =[]; rad2tht =[]; risk = [];
pathl_gnd_gr =[]; pathl_gnd_e =[]; dtht =[];
ththits = ones(length(tht_gr(;,1)),1);
risk =zeros(length(tht_gr(;,1)),1);
% 't' steps through each threat (each row of 'tht', threat 't")
for t= 1l:length(tht_gr(:,1)),
% project pathl down to Okm (ground level)
pathl gnd_gr = [pathl_gr(;,1:2) thtaltrones(npathl,1)];
pathl gnd e =
lla2ecef(pathl_gnd_gr(:,2),pathl_gnd_gr(:,1),pathl_gnd_gr(:,3));
% vector distance to threat for each path point
dtht = pathl_gnd_e(;,1:3) - ones(npathl,1)*tht _e(t,1:3);
% radius to threat for each path point
rad2tht = sqrt(dtht(:,1)."2 + dtht(:,2).”2 + dtht(:,3)."2); % =[m]
% 'p' sums all radii to threat < rmarr
% initialize counters
ththitsseg = 0;
riskseg = 0O;
oldseg = pathl_gd(1,5);
for p=1l:npathl,
% test if inside risk area
if rad2tht(p) <= rmarr(t) %[m]
currentseg = pathl_gd(p,5);
% test if route segment has changed
if currentseg == oldseg,
% count threat hits inside rmarr while route segment unchanged
ththitsseg = ththitsseg + 1;
riskseg = riskseg + (1/(rad2tht(p)/rmarr(t)))"2;
if p==npathl,
% normalize riskseg by # of ththits counted
% this accounts for varying interpolation density btw.
segments
% trap div by zero



riskseg = riskseg/ththitsseg;
% add to risk running tally
risk(t) = risk(t) + riskseg;
% reset counters
ththitsseg = 0;
riskseg = 0O;
end, %if p==npathl
else , %change seg # inside a tht region
% normalize riskseg by # of ththits counted
% this accounts for varying interpolation density btw. segments
riskseg = riskseg/ththitsseg;
% add to risk running tally
risk(t) = risk(t) + riskseg;
%reset counters
ththitsseg = 0;
riskseg = 0;
end, %if currentseg
% test if left tht region w/o tallying risk up
elseif  ththitsseg,
% normalize riskseg by # of ththits counted
% this accounts for varying interpolation density btw. segments
%if ththitsseg,
% trap div by zero
riskseg = riskseg/ththitsseg;
% add to risk running tally
risk(t) = risk(t) + riskseg;
%reset counters
ththitsseg = 0;
riskseg = 0;
end, %if rad2tht
% update oldseg
oldseg = path1l_gd(p,5);
end, %forp
end, %fort

if  sum(risk),
survivability = 1/(sum(risk))*survive_factor;
else ,
survivability = 100;
end,
% plot target points
plotm(targ_gd(1,1), targ_gd(1,2), o ),

if length(targ_gd(:,1)) >= 2,
plotm(targ_gd(2:length(targ_gd(:,1)),1),targ_gd(2:length(targ_gd(:,1)),
2), ‘g™ )
end,
% plot target visibility arcs
if TargVisArcs_sw,
% assign vars for arc plotting function
% center = [lat lon] = [deg deq]
center = [targ_gd(;,1) targ_gd(:;,2)];
minlook = targ_gd(:,4);
maxlook = targ_gd(:,5);

arcrad = grspec*1000; % [m]
% plot arcs
arccolor = g



for i=1l:length(targ_gd(;,1));
if 0,
% min range arc
arc225(center(i,:),minlook(i),maxlook(i),arcrad,arccolor)
end,
% max range arc
arc225(center(i,:),minlook(i),maxlook(i),arcrad,arccolor)
end, % target vis arcs
end, % TargVisArcs_sw
% compute EO/IR NIIRSE
% use lats, lons converted to [m] as local ENU cartesian frame (NIIRSE
DOP > this error)
% this simplifies dist calcs, err < 350m all axes (see rad2kmtest.m)
% calculate local lon2m, lat2m: based on pathl start pt.
[lon2m, lat2m] = rad2meter(pathl_gr(1,1),pathl_gr(1,3));
% initial calcs for housekeeping
% convert pathl to local ENU frame (see above)
% pathl_gm not really geodetic, but use nomenclature for consistency
% below is an example of improper use of rad2meter.m:
%  conversion is good only for relative distances, not absolute dists
% pathl_gm = [lat2m*pathl_gr(:,1) lon2m*pathl_gr(:,2)
pathl_gr(:,3:4)];
Slant_Range2targ_min_nm = []; Ground_Range2targ_min_nm =[];
Slant_Range2targ_min_km = []; Ground_Range2targ_min_km =[];
el_min_deg =[]; az_min =[];
az2targ_check deg out =];
% step through each target
for t= 1l:length(targ_gr(:,1)),
dtarg_gm_vec = []; dtarg_gm = [];
gr2targ =[]; dh2targ =[J; forsr2targ =0; forgr2targ =0;
az2targ =[]; el2targ =[];
% 1st, calc relative position vector to targ from pathl [rad rad m
seg#]
dtarg_gm_vec = [-pathl_gr(;,1:2)+ones(npathl,1)*targ_gr(t,1: 2)
-pathl_gr(;,3)+ones(npathl,1)*targ_gr(t,3) .
pathl gr(:,5)];
% now convert relative position vector to [m m m seg#]
dtarg_gm_vec(:,1:2) = [latzm*dtarg_gm_vec(:,1)
lon2m*dtarg_gm_vec(:,2)];
% slant range to current target
sr2targ = sqrt(dtarg_gm_vec(;,1)."2 + dtarg_gm_vec(;,2)."2 +
dtarg_gm_vec(:,3)."2);
% ground range to current target (w/ flat earth assumption)
gr2targ = sqrt(dtarg_gm_vec(;,1)."2 + dtarg_gm_vec(;,2)."2);
% take abs to remove neg sign depicting downward direction
dh2targ = abs(dtarg_gm_vec(;,3));
el2targ = acos(dh2targ./sr2targ);
% get direction to targ, (excluding initial point to match headingl
dimension)
% heading2targ is heading TO targ(t) FROM path1(p,:) point
% exclude initial point: headingl is length = npath1-1
heading2targ_r = atan2(dtarg_gm_vec(2:npath1,1),
dtarg_gm_vec(2:npathl,2));
% get angle btw heading and targ az
az2targ = abs(headingl_r - heading2targ_r); % vector, cart. ref [rad]



% add back initial point making az2targ length npathl (matches pathl
again for calcs)
az2targ = [0;az2targ];
pathdata = [];
pathdata = checkpath(pathl_gd,npathl,az2targ,el2targ,sensortype);
% store pathdatas from each targ in cell array
pathdata_cell{1,t} = pathdata;
step = 1,
forcount = 1;
validseg = 0;
forcount_segvec =[];
targimagepts_GR =[]; targimagepts_maxGR =[]; imaging_ps =[];
for p = l:step:(npathl),
% plot current path point (debug aid)
%plotm(pathl_gd(p,1),pathl_gd(p,2),'b."
% while seg# unchanged, continue; o/w reset %oldseg =
pathl_gr(p,5);
% check for acceptable a/c FOR and get min dist to targ
if pathl_gd(p,6), % check if noturn = 1
% check if valid image pt and above min NIIRSE specification
if  (sum(pathdata(p,:)) == length(pathdata(p,:)) &
(gr2targ(p,1)/1000 <= grspec)),
% Calcs done in here denote FOR ok pts
validseg = 1; % binary (1/0)
forsr2targ(forcount,1) = sr2targ(p);
forgr2targ(forcount,1) = gr2targ(p);
% store record of valid p's w/ seg #
recordp(forcount,:) = [p pathl_gd(p,5)];
% count # valid pts in current segment
forcount = forcount + 1;
% plot colored dots after actual imaging segment determined
plotm(pathl_gd(p,1),pathl_gd(p,2), ‘9" ),
end,
% Below section for EO & IR: Do SAR separately
% Must only allow single pt turns, o/w below fails (ie if
‘turnplot.m' is implemented)
else % If encounter a turn pt,
if (validseg & p ~= 1), % If seg had valid image pts & skip
initial point,
% plot turn point colored
%plotm(pathl_gd(p,1),pathl_gd(p,2),'k*),
% now have a list of ground ranges
% sort valid ground ranges
% GRuvalids has 2nd & 3rd columns = orig p-index value from
pathl and seg #
GRuvalids = sortrows([forgr2targ recordp]);
% compute # pts req'd for image collection w/sensortype & round
up
% use timel at 1st ptin group of valid imaging pts to
approximate timel over whole range
% trap div by zero in timel_vec if at a turn pt
if timel vec(GRvalids(1,2)),
nptsreqd =
ceil(imagetime(sensortype)/timel_vec(GRvalids(1,2)));
else ,



nptsreqd =

ceil(imagetime(sensortype)/timel_vec(GRvalids(1,2)+1));

end, %iftimel vec
% store range of req'd pts and associated p #'s
% targimagepts_GR = [possible imaging ground ranges for this

segment]

targimagepts_GR = GRvalids(1:nptsreqd,1);

% segimaging_ps = [possible imaging p#'s for this segment]

segimaging_ps = GRvalids(1:nptsreqd,2);

% add seg#: segimaging_ps = [p seg#]

% take seg# at point (p-1) to avoid taking updated seg# @ turn
pt

segimaging_ps = [segimaging_ps ones(nptsreqd,1)*pathl_gd(p-
1.5);

% add to running tally (entire path)

% imaging_ps = [p seg#]

imaging_ps = [imaging_ps ; segimaging_ps];

% If npts > length of GRvalids, display error or move on
% build vec of max valid image grnd rng from ea seg and

associated seg #

% include seg # for plotting colored pts later
targimagepts_maxGR = [targimagepts_maxGR; [max(targimagepts_GR)

pathl_gd(p-1,5)]];

end, %if validseg,
% do below if at a turn pt, regardless of validseg
% forcount_segvec: vector of # of valid image points per segment
forcount_segvec = [forcount_segvec; forcount];
% reset for next segment,
forcount = 1;
validseg = 0;
segimaging_ps =[]; nptsreqd =[J;
recordp =[]; GRvalids =[];
forsr2targ =[]; forgr2targ =[];
end, %if noturn

end, %forp

%
%

route analysis is now complete
before cycle to next targ, store values for current targ in cell

arrays:
% targimagepts_maxGR = [(maxGR value) (associated seg#)]

%

sort to identify shortest GR image segment

targimagepts_maxGR = sortrows(targimagepts_maxGR);

%
if

trap empty sets
targimagepts_maxGR,
% store lowest value of max grnd range from each image segment
Ground_Range2targ_min_km{t,1} = targimagepts_maxGR(1,1)/1000;
% store seg# where imaging actually takes place
imageseg = targimagepts_maxGR(1,2);
% imaging_ps = [p seg#]
% plot imaging_ps's only of segment 'imageseg'
for i=1:length(imaging_ps(:,1)),
if imaging_ps(i,2) == imageseg,
% plot line to actual image collection pts in color
plotm([[path1l_gd(imaging_ps(i,1),1:2)];[targ_gd(t,1:2)]],
end, %if
end, %fori

g



end, %if (null trap)
forcount_out{t,1} = forcount_segvec;
%Slant_Range2targ_min_nm(t,1) = min(forsr2targ(:,1))/1852;
%Slant_Range2targ_min_km(t,1) = (min(forsr2targ(:,1))./1000);
%Ground_Range2targ_min_nm(t,1) = (min(forgr2targ(:,1))./1852);
%Ground_Range2targ_min_km(t,1) = (min(forgr2targ(:,1))./1000);
%az2targ_check_deg_out{t,1} = az2targ_check_deg;
%el2targ_min_deg(t,1) = min(el2targ)*180/pi;

end, %fort

% now have cell ary of minGR2targ for ea targ

% interp for niirse using sensortype

% outputs to cmd line section:

% keeps track of # of valid FOR pts for ea. targ.

forcount_out,

Ground_Range2targ_min_km,

%Slant_Range2targ_min_nm,

%Ground_Range2targ_min_nm,

%Slant_Range2targ_min_km,

%Ground_Range2targ_min_km,

%el2targ_min_deg,

%az2targ_check_deg_out,

% Compute NIIRSEs

GR_niirse = Ground_Range2targ_min_km;

% throw out zero ground range values

niirse = zeros(length(targ_gd(:,1)),1);

% compute niirse for selected sensor and trap nulls

for t= 1l:length(Ground_Range2targ_min_km),
if (~isempty(Ground_Range2targ_min_km{t})) & sensortype == 1,

niirse(t) = interp1(EOdata(;,1),EOdata(;,2),GR_niirse{t});
elseif (~ isempty(Ground_Range2targ_min_km{t})) & sensortype == 2,
niirse(t) = interp1(IRdata(;,1),IRdata(:,2),GR_niirse{t});

end, %if sensortype

end, %fort

% truncate niirse after one decimal place

niirse = round(10.*niirse)./10;

niirse,

initial_run = 0;

% Update target tooltip NIIRSEs

%t1H = findobj(gcf,'tag’, TarglText);

set(tlH, 'TooltipString' ,num2str(niirse(1)));
set(tlH, 'String’ ,num2str(niirse(1)));
set(t2H, 'TooltipString' ,num2str(niirse(2)));
set(t2H, 'String’ ,num2str(niirse(2)));
set(t3H, 'TooltipString' ,num2str(niirse(3)));
set(t3H, 'String’ ,num2str(niirse(3)));
set(t4H, 'TooltipString' ,num2str(niirse(4)));
set(t4H, 'String’ ,num2str(niirse(4)));
set(t5H, 'TooltipString' ,num2str(niirse(5)));

set(t5H, 'String’ ,num2str(niirse(5)));

% Switch NIIRSE labels on or off

if  NiirseLabels_sw,
%set(t1H,'ForegroundColor',[0 .75 0]);
set(tlH, 'ForegroundColor' ,[0 0 0]);
set(t2H, 'ForegroundColor' ,[0 0 0]);
set(t3H, 'ForegroundColor' ,[0 0 0]);



set(t4H,  'ForegroundColor' ,[0 0 0]);

set(t5H, 'ForegroundColor' ,[0 0 0]);
else ,

set(tlH, 'ForegroundColor' (11 1];

set(t2H, 'ForegroundColor' J[111];

set(t3H, 'ForegroundColor' (11 1];

set(t4H, 'ForegroundColor' J[111]);

set(t5H, 'ForegroundColor' J111];
end,

% Display Route Distance and Duration

% truncate values after one decimal place
travel_distance_km = round(10.*travel_distance_km)./10;
travel_time_minutes = round(10.*travel_time_minutes)./10;
%disH = findobj(gcf,'tag’,'DistanceBox’);

set(disH, 'String’ ,[num2str(travel_distance_km), 'km' 7);
%durH = findobj(gcf,'tag’,'DurationBox’);
set(durH, 'String' ,[num2str(travel_time_minutes), 'min’

% Compute slact time
slack = TOTIimit - travel_time_minutes;
% truncate slack after one decimal place
slack = round(10.*slack)./10;
% Write to slack text box
%sH = findobj(gcf,'tag’,'slackbox);
if slack >=0,
set(sH, 'BackgroundColor' ,[0 .5020 .2510]);

else ,
set(sH, 'BackgroundColor' ,[1 0 0]);
end,
slackstring = [num2str(slack), 'min' ;
set(sH, 'String' ,Slackstring);
% Plot Route Survivability
%rsH = findobj(gcf, Tag','Survivability');
set(rsH, ‘'YData' [0 survivability]);
risk,
plotm(targ_gd(5,1), targ_gd(5,2), 'g* ),

% setup 333.m

%

% initialization script for build3 thesis code

% load map variables

load usalo

% initiate figure/GUI

%open oh2.fig,

%open guimaina3.fig,

% Load max allowable reroute duration due to future mission TOT
TOTIlimit = 130; % [minutes]

% Set Survivability scaling factor

survive_factor = 800; %o0h2

% Initialize MinNiirse

MinNiirse = 5;

NiirseLabels sw = 1;

sensortype = 1;

% Load EO/IR sensor NIIRS performance baseline representing
% calculated data from GIQE v.4 (fictional data)

IRdata = [[0 8.5];[10 8];[20 7.5];[30 6.5];[40 5.5];...

A-10



[60 4.5];[80 3.5];[100 2.5];[120 1.5];[140 O]];
EOdata = [[0 9];[10 8.5];[20 8];[30 71;[40 6];...
[60 5];[80 4];[100 3];[120 2];[140 0O]];

% Sensor Image Data Collection Time Requirements [sec]

EOtime =4.7;

IRtime = 6.1;

SARtime = nan; %SARtime = 100;

imagetime = [EOtime ; IRtime ; SARtime];

% Input recon targets

% [lat lon alt minlookangle maxlookangle priority]
% [lat lon alt] = [deg deg m]

% lookangles = [degrees]

% priority = [scalar 0:10]

town = [40.0681 -92.8566];

targ_gd = [[38.4886 -84.5273100 1];... % targ 1
[40.1412 -84.2855 1001];...%targ 2
[ 40.2028 -79.45001 00 1];... % targ 3

[38.4255 -79.1277 1001];... % targ 4
[41.6944 -81.0619 1 0 0 1]];... % targ 5- new
targ_gr = [pi/180*targ_gd(:,1:2) targ_gd(:,3:6)];
% input threats
% 'rcs' = UAV Radar Cross Section param.
rcs = 1,
% threat altitude = 1m (ground level)
thtalt = 1;
% 'tht' = [lat lon alt [threat range radius]] = [deg deg m m]
tht_gd =[[41.5019 -79.1277 thtalt 120*1852]][;% (m/nm=1852),
111120m=60nm,;
% convert deg to rads for lla2ecef.m
tht_gr = [tht_gd(:,1:2).*pi/180 tht_gd(:,3:4)];
% 'rmarr' = Range for Maximum Acceptable Radar Return [m]
rmarr = rcs*tht_gr(:,4);
% convert tht to ECEF coords for analysis
tht_e = lla2ecef(tht_gr(;,2), tht_gr(;,1), tht_gr(;,3));
tht_e(;,4) = tht_gr(;,4);
%%%%%%%% %% %% %% %% %% %% %% %% %% %% %% %% %% %% % % %% % % %% % % %% % %% %% %%
%%%%%% INITIALIZATION For Main Code: %%%%%%
% aircraft setup
% map setup
maplatlimit = [ 37 43];
maplonlimit = [-78 -86];
% set selection tolerance for mouse-selecting waypoints
selecttol = 70;
% set route point resolution quality factor; (not = exact # pts)
resolution = 100;
% color for map background
mapbackgrndclr = [1 .97 .99];
% waypoints input by user
xuser = 0;
yuser = 0;
format compact,
run =1J;
initial_run = 1,
%%%%%% FOR INITIAL RUN:
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% for oh2.fig:
%IR, MinNiirse= 5, labels on
y1 =[37.5200; 38.7563; 40.1566; 41.4985; 41.3474; 41.1352; 39.9407;
40.0950; 39.9716; 38.2833; 37.1033];
x1 =[-85.7966; -84.6280;-83.9430; -81.6461; -81.5656; -81.9685; -
80.9208; -79.7522; -79.5911; -79.4702; -84.3057];
npathl = length(x1);
% load initial waypoints as user input pts.
xuser = x1,
yuser =yl
% set initial values
X = Xx1;
y =yl
% z = constant = WGS-84 Elipsoidal Altitude vector [m]
alt_m = 20000,
alt nm = alt_ m/1852,
z1 = ones(npathl,1)*alt_m;
% velocity at each pt [m/s]
vel = 180; % 180m/s = 350 knots TAS
vl = ones(npathl,1)*vel;
% Set up all Object Handles
rsH = findobj(gcf,'Tag','Survivability");
sH = findobj(gcf,'tag’,'slackbox);
mapH = findobj(gcf, Tag','MapAXxis");
disH = findobj(gcf,'tag’,'DistanceBox");
durH = findobj(gcf,'tag’,'DurationBox’);
t1H = findobj(gcf,'tag’, Targ1lText);
t2H = findobj(gcf,'tag’, Targ2Text');
t3H = findobj(gcf,'tag’, Targ3Text');
t4H = findobj(gcf,'tag’, Targ4Text');
t5H = findobj(gcf,'tag’, Targ5Text');

function pathdata = checkpath(pathl,npathl,az?targ,el2targ,sensortype),
%

% This function populates matrix ‘pathdata’ with columns

%  of data corresponding to various a/c path states

% Each row of 'pathdata’ corresponds to the same row # of pathl

% Input parameters:

% pathl(pathl_gd): (length = npath1)

% [lat lon alt vel segment# noturn]=[deg deg m m/s 1,2... 0/1]
%  sensortype = [1/2/3]: 1=EO 2=IR 3=SAR

%

% Output parameters:

% pathdata: (length = npath1)

% [noturn EOok IRok SARO0K]

%

% Sensor Field of Regard Parameters = [rad]

EOazlim = 15*pi/180;

EOellim = 80*pi/180;

IRazlim = 15*pi/180;

IRellim = 80*pi/180;

%%%%%%%%% %% %% %% %% % %% %% %% %% %% %% %0 %0 %0 %0 %% %% %% %% %% %% %% %% %0 %% % % %% %A
% initialize noturn

noturn = path1(:,6);

% initialize pathdata:
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pathdata = zeros(npathl,1);
% set noturn=0 for each point immediately before a turn
% these points are duplicates created during path interpolation
noturnshift = noturn - ones(npathl,1);
noturn = noturn + [noturnshift(2:npath1);0];
% assign noturn to pathdata column
pathdata(:,1) = noturn;
% check EOok: check acceptable a/c FOR
if sensortype == 1,
for p = 1:(npathl-1),
% test noturn (skip current p-index if turning)
if noturn(p,1),
if ((az2targ(p) >= (pi/2-EOazlim) & az2targ(p) <= (pi/2+EOazlim)) |

" (az2targ(p) >= (pi*3/2-EOazlim) & az2targ(p) <= (pi*3/2+EOazlim))) &

el2targ(p) < EOellim,
pathdata(p,2) = 1;
end,
end, % if noturn
end,% for p
% fill IR and SAR OK comps in pathdata
pathdata(:,3:4) = ones(npathl,2);
end, %if sensortype
% check IRok: check acceptable a/c FOR
if sensortype == 2,
for p = 1:(npathl1-1),
% test noturn (skip current p-index if turning)
if noturn(p,1),
if ((az2targ(p) >= (pi/2-IRazlim) & az2targ(p) <= (pi/2+IRazlim)) |

i (az2targ(p) >= (pi*3/2-IRazlim) & az2targ(p) <= (pi*3/2+IRazlim))) &

el2targ(p) < IRellim,
pathdata(p,3) = 1;
end,
end, % if noturn
end,% for p
% fill EO and SAR OK comps in pathdata
pathdata(:,2) = ones(npath1,1);
pathdata(:,4) = ones(npathl,1);
end, %if sensortype
% check SARok: check acceptable a/c FOR
%%% Not currently implemented
% store old path before proceeding
pathO_gd = pathl_gd;
npathO = length(pathO_gd(:,1));
% input new trajectory for comparison
% plot start and end points
plotm(pathl_gd(1,1:2),'k*),
plotm(pathl_gd(npathl,1:2),'k*",
% set n to retain first path point
n=1;
x=[Ly=[:xi=[]yi=[l;
% restore original start point
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x(1,1) = x1(1,1);
y(1,1) = y1(1,1);
disp('Left-Click to Mark New Trajectory."),
disp('Right-Click to Finish."),
runl =1,
btype = 'normal’;
while runl ~= 0,
[yi,xi] = inputm(1);
btype = get(gcf,'selectiontype’);
switch btype;
case ‘normal’;
% plot the point just entered
plotm(yi,xi,'bo");
n=n+1,
x(n,1) = xi;
y(n,1) =yi;
% plot updated route
plotm(y,x,'b"),
otherwise,
runl = 0;
end
end
% restore original end points
x = [x(;,1) ; x1(length(x1),1)];
y =[y(:,1) ; yl(length(y1),1)];
% update npathl to user input points
npathl = length(x);
% temp store user input for plotting separately
Xuser = X;
yuser =y;
% plot start and end points
plotm(path0_gd(1,1:2),'k*),
plotm(pathO_gd(npath0,1:2),'k*"),

% adjust.m

%

% input new trajectory for comparison

disp('1. Add new waypoint: Select a route segment, then add a new
waypoint to it."),

disp(’ -OR-),

disp('2. Move a waypoint: Select a waypoint, then click to mark its new
location."),

disp(’ "),

disp('Right-click to finish),

x=[I;y =[I; xi =[; yi =[I;

runl =1;

btype = 'normal’;

while runl ~=0,

y0 = pathO_gd(:,1); x0 = pathO_gd(:,2);

% input new trajectory for comparison

% first click selects seg to add a waypt, or waypt to move
[yi,xi] = inputm(1);

btype = get(gcf,'selectiontype’);

switch btype;

case 'normal’;
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% check if close to an existing waypoint (_user)

dpathQ0 = [xuser,yuser] - ones(length(xuser),1)*[xi yil;

dpath00 = sgrt(dpath00(:,1).~2 + dpath00(:,2).*2);
[dpathOOsort,orderp0] = sortrows(dpath00);

if dpathOOsort(1) <= abs((maplonlimit(2) - maplonlimit(1))/selecttol),
% second click defines new position location (or breaks if rt click)

[yi,xi] = inputm(21);
X = XUSEr;
y = yuser;
x(orderp0(2)) = xi;
y(orderp0(1)) = yi;
else,
dpathO = [x0,y0] - ones(length(x0),1)*[xi yi];
dpathO = sqgrt(dpath0(;,1).~2 + dpath0(:;,2)."2);
[dpathOsort,orderp] = sortrows(dpath0);

% before here, test if close to a user pt; if not, continue below

% if yes, just move it; don't create a new pt.
% store seg# from selected pt.
newptseg = path0_gd(orderp(1,1),5);

% second click defines new position location (or breaks if rt click)

% create.m
%

[yi,xi] = inputm(1);
for n = 1:(length(xuser)+1),
if n < newptseg + 1,
x(n,1) = xuser(n);
y(n,1) = yuser(n);
elseif n == newptseg + 1,
x(n,1) = xi;
y(n,1) =yi;
elseif n > newptseg + 1,
x(n,1) = xuser(n-1);
y(n,1) = yuser(n-1);
end, %if
end, %for n
end, %else select waypoint test

% store previous userpath before update

xuser0 = xuser,

yuser0 = yuser,;

% update userpath

Xuser = X;

yuser =y;

npathl = length(x);

% update needed portions of pathO_gd

segment =[]; xfit =[]; yfit =[J;

for p = 1:(npathl-1), % pre-interpolated # of path pts.
xtemp =[]; ytemp =];
[ytemp, xtemp] = interpm(y(p:p+1),x(p:p+1),maxdiff);
% build x,y columns of pathl
xfit = [xfit ; xtemp];
yfit = [yfit ; ytemp];
% build 5th column of pathl = [path segment number]
segment = [segment(:) ; p*ones(length(xtemp),1)];

end
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npathO = length(yfit);

% geodetic frame [lat lon [] [] seg# [] ]

pathO_gd =
[yfit,xfit,zeros(npath0,2),segment,zeros(npath0,1)];

% plot last route colored

plotm(yuser0,xusero0,'c--"),

% plot updated route and waypoints

plotm(yuser,xuser,'b.",

plotm(yuser,xuser,'b"),

%n=n+1;

%x(n,1) = xi;

%y(n,1) = yi;

%btype = get(gcf,'selectiontype’);
otherwise,

runl = 0;

% erase last point entered (w/ right click)
%x = x(1:n-1,1);
%y =y(1:n-1,1);
end, %switch
end, %while runl
% plot start and end points
plotm(pathO_gd(1,1:2),'k*),
plotm(pathO_gd(npath0,1:2),'k*"),
% set n to retain first path point
%n =1,
vox =[I; y =[I; xi =[]; yi =[I;
% restore original start point
%x(1,1) = x1(1,1);
%y(1,1) = y1(1,1);
% restore original end points
%x = [x(:,1) ; x1(length(x1),1)];
%y =[y(:,1) ; yl(length(y1),1)];
% update npathl to user input points
% temp store user input for plotting separately
Xuser = X;
yuser =y;

function drawthreatring = ring(center,radius,color)

%

% requires: center = [lat, lon] = [degrees]

% radius = [m]

earthradius = almanac('earth’,'radius','m");

[latc,lonc] = scircle1l(center(1),center(2),radius,[],earthradius);
plotm(latc,lonc,color),

function drawvisibilityarc = arc(center,...
minlook,maxlook,arcrad,arccolor);

%

% requires: center = [lat, lon] = [deg]

% min/maxlook = [deg]
% arcrad =[m]
% arccolor =X
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earthradius = almanac('earth’,'radius','m");

[latc,lonc] = scircle1(center(1),center(2),arcrad,[minlook
maxlook],earthradius);

plotm(latc,lonc,arccolor),

function heading = crad2heading(crad)
%
% function heading = crad2heading(crad)
%
% This function converts an angle (in radians) referenced
% from the quadrant | Cartesian x-axis to an azimuthal
% heading reference in degrees:
% North=0 degrees
% East =90 degrees
% South = 180 degrees
% West =270 degrees
%
% Allows column vector inputs to ‘crad’
% Example:
% aircraft_heading_in_degrees = crad2heading(atan2(y,x))
cdeg = crad.*(180/pi);
n = length(crad);
fori=1:n,
if ((cdeg(i) <= 90) & (cdeg(i) > -180)),
heading(i,1) = 90 - cdeg(i);
elseif ((cdeg(i) > 90) & (cdeg(i) <= 180)),
heading(i,1) = (180 - cdeg(i)) + 270;
else
heading = nan,
%heading = -500*ones(n);

end
end
function ECEF_pos = lla2ecef(lon, lat, alt)
%
% function ECEF_pos = lla2ecef(lon, lat, alt)

% This function converts from geodetic coordinates (longitude,
% latitude, and altitude) to an ECEF position vector.
% Input parameters:

% lon : WGS-84 geodetic longitude (rad)

% lat : WGS-84 geodetic latitude (rad)

% alt: WGS-84 ellipsoidal altitude (m)

% Output parameter:

% ECEF_pos : ECEF position vector (m)

% initial conditions

a=6378137;

e2 = 0.00669437999013;

n = length(lon);

rn = a./sqrt(ones(n,1)-e2.*(sin(lat))."2);

R = (rn + alt).*cos(lat);

ECEF_pos(;,1) = R.*cos(lon);

ECEF_pos(;,2) = R.*sin(lon);

ECEF_pos(:,3) = (rn.*(1-e2) + alt).*sin(lat);
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function [lon_factor, lat_factor] = rad2meter(latitude, wgs84_alt)
%

% function [lon_factor, lat_factor] = rad2meter(latitude, wgs84_alt)

% This function calculates the conversion factor to go from radians
% to meters for both longitude and latitude

% (latitude = [rad]; wgs84_alt = [m])

a=6378137.0; % WGS-84 values

€2=0.00669437999013;

sin2lat=(sin(latitude))"2;

Rm=a*(1-e2)/((1-e2*sin2lat)(3/2));

lat_factor=Rm + wgs84_alt;

Rp=a/sqrt(1-e2*sin2lat);

lon_factor=cos(latitude)*(Rp + wgs84_alt);
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